Introduction
============

Motor skills are at the core of infants' (and adults') everyday actions and interactions and consequently affect subsequent perceptual, cognitive, and social development ([@B11]; [@B5]). [@B36] suggested a relation between motor and cognitive development and noted that infants' own actions and resulting sensorimotor experiences are critical for their learning about the environment and the objects within it. Since Piaget's original observations, several studies have reported evidence for relations between motor skills and development in seemingly unrelated domains -- such as object perception, face processing, and language skills. For example, object exploration skills have been found to facilitate object segregation abilities in 3-month-old infants ([@B32]). At the same age, early experiences of successful reaching have been found to encourage infants' attention to faces over objects ([@B27]). Similarly, the onset of independent sitting around 5--7 months has been associated with improved 3-D object completion ([@B40]) and a temporary disruption in infant's holistic face processing skills ([@B6]). Finally, two studies have reported associations between the onset of independent walking and language development in 10- to 14-month-old infants, with walking infants showing larger vocabularies than crawling infants ([@B42]; [@B15]). Together, these findings demonstrate that the acquisition of a new motor skill (e.g., reaching, sitting, or walking) has consequences for infants' concurrent abilities in the perceptual, cognitive, or social domains. The current study aims to longitudinally examine the *predictive* relations between motor skills emerging in early infancy and later language development.

To date, a number of studies have examined associations between motor and communicative development in children with developmental disorders such as autism spectrum disorder (ASD). Children with ASD often show impaired language abilities, but earlier emerging motor difficulties have also been documented ([@B41]; [@B37]; [@B30]). For example, infants at high familial risk for ASD (HR infants, who have an older sibling with ASD diagnosis) show reduced fine motor and grasping skills at age 6 months ([@B29]) and delayed development of posture skills (i.e., sitting and standing) between six to 14 months ([@B34]). Consequently, motor delays during the first 2 years of life have been hypothesized to affect subsequent social development and may contribute to language delays in children with ASD ([@B3]). Empirical evidence supports this hypothesis with findings suggesting that fine motor skills between 12- to 18 months and at 24 months predict expressive language skills at 36 months of age in HR infants ([@B19]).

Early motor delays have also been noted in other developmental disorders such as Specific Language Impairment ([@B16]; for review see [@B21]). Consequently, it is possible that early motor development predicts subsequent language development in typically developing children as well. However, only few studies have examined motor and language associations longitudinally in typically developing infants. For example, parent report on the onset of independent sitting and walking was found to predict infants' productive vocabulary between 16 to 28 months ([@B35]). Further, a large-scale cohort study of 62,944 children found that motor skills at 18 months were predictive of *subsequent* language skills at 36 months of age ([@B43]). These findings demonstrate that the mastery of certain motor milestones seem to be related to subsequent language development. However, before the mastery of a new skill comes a period of trial and error. Whether infants' transition through this *unstable acquisition period* is related to later language learning is unknown. The current study fills this gap in the literature by longitudinally following infants during their first attempts with two foundational motor skills: grasping objects and sitting independently.

Grasping and sitting skills emerge very early in life and enable infants to actively interact with the physical and social world ([@B22]). Independent sitting facilitates visual and manual exploration of the environment by changing the child's point-of-view and freeing their hands for manual exploration ([@B38]; [@B14]). Successful grasping enables the infant to obtain and explore objects, resulting in new opportunities to learn about object features and functions ([@B20]). Both skills are likely to have lasting impacts on children's subsequent development. For example, providing 3-month-old infants with scaffolded reaching experiences using Velcro mittens and toys facilitates immediate grasping skills ([@B33]; [@B26]; [@B25]) as well as object exploration and attention-focusing skills 1 year after the original training sessions ([@B23]). Further, more active exploration at 5 months of age has been related to higher intellectual functioning at 4 and 10 years of age ([@B4]). One likely explanation for these findings is that new motor skills change how infants interact with objects, how they interact with people, and potentially also how people respond to them. Such changes have been observed with regard to locomotion, where crawling infants elicit different verbal responses from their parents than walking infants ([@B18]). Consequently, it is likely that the acquisition of sitting and grasping also results in new learning opportunities, which may in turn facilitate the development in other domains such as language learning.

The current study examines the emergence of sitting and reaching skills between three to 5 months of age and their relation to subsequent language development at 10 and 14 months of age in typically developing infants. Previous studies have reported associations between motor skills emerging during the 2nd year and language at 3 years of age ([@B19]; [@B43]). Based on these findings, we hypothesize to find a similar relation between infants' transition into reaching and sitting and their subsequent language skills at 10 and possibly at 14 months of age. In addition, concurrent motor skills have been found to predict language skills in 10- to 14-month-olds ([@B42]; [@B15]). Therefore, we will also examine the role of concurrent motor skills at 10 and 14 months on the associations between early motor and later language development. Finally, the current study is the first to remotely record high-density behavioral data on infants' early motor development using videoconferencing. The potential of this new method for future applications will be examined and discussed. While the relation between sitting and grasping development is also of great theoretical interest, this topic will not be covered here and instead will be discussed in a separate report.

Materials and Methods {#s1}
=====================

Participants
------------

Participants were 29 full-term infants (*M* = 39.79 weeks gestation, *SD* = 1.18) who were recruited between three to 4 months of age using social media posts. Families were located in eight different U.S. states (including Washington D.C.), were highly educated, and completed assessments remotely via videoconferencing and online questionnaires. All families completed a follow-up assessment when their child was 10 months of age, and 24 families (83%) completed a follow-up assessment when their child turned 14 months of age. Two additional families were recruited into the study but dropped out after two assessments or failed to complete the follow-up questionnaires. See **Table [1](#T1){ref-type="table"}** for details about the final sample. Parents of all participants provided both recorded verbal and online consent. Procedures followed ethical guidelines and were approved by the Institutional Review Board at the University of Pittsburgh.

###### 

Participant characteristics.

  N    Age at study onset   Age at 10 month follow-up   Age at 14 month follow-up^∗^   \#F   Weight at birth (Grams)   Location (US state)                               Parent education   Race
  ---- -------------------- --------------------------- ------------------------------ ----- ------------------------- ------------------------------------------------- ------------------ ----------------
  29   3.55 (0.27)          10.07 (0.26)                14.15 (0.47)                   14    3419.54 (440.98)          2 CA; 3 DC; 1 MA; 4 MD; 1 MS; 3 NY; 13 PA; 1 TX   8.03 (1.55)        1 A, 25 C, 3 M

Counts are provided for the total number of participants (N), the number of female participants (\#F), the state of residence, and racial composition of the sample. All other values are group averages with standard deviations in parentheses. Ages are reported in months. Parents' education level was assessed on a scale from 0 (no High School degree) to 5 (Doctorate degree) for each parent and summed (maximum 10). Race abbreviations: C, Caucasian, A, Asian, M, more than one race. \*only 24 families completed the 14-month follow-up.

Procedure
---------

Starting around 3 months of age, all infants completed eight weekly sitting and grasping assessments (described below). All assessments took place in the child's own home and were recorded via video chat using the family's own camera-equipped computer, phone, or tablet (18 families used Microsoft Skype, 11 families used Apple FaceTime). The live video feed from the participants was captured and stored at a resolution of 1280 × 720 pixel using a video capture device (Elgato Game Capture HD). Before study onset, the experimenter demonstrated all procedures via videoconference using a life-sized baby doll. This step was included to show parents the optimal positioning of their video camera during the sessions. To minimize distraction during the videoconference sessions, parents were also instructed to maximize their application window while the camera of the experimenter was covered with black tape -- resulting in a mostly black screen in front of the infant. Each video-chat session lasted about 5--8 min and the eight assessments were approximately 1 week apart for all families (*M* = 6.93 days, *SD* = 0.18).

At around 10 and 14 months of age, infants' parents received an email inviting them to complete two follow-up online questionnaires about their child's motor and communicative development (see below). An online survey system (Qualtrics) was used to collect questionnaire responses.

Measures
--------

### Sitting Task

Infants' ability to sit independently was measured during a 1-min observation where the child was placed into a self-sitting posture on the floor. Parents were instructed to sit behind the child and to provide initial postural support before removing the support and allowing the child to attempt independent sitting. If the child lost balance, parents caught the child before falling and placed the child back into the starting position for another attempt. During this assessment, the camera was placed to the side to provide a profile view of the infant (see **Figure [1A](#F1){ref-type="fig"}**). Trained observers coded all videos frame-by-frame using spine and arm positions to categorize infants' posture as either "sitting" (spine maintained at above 45° angle to floor with or without arm support) or "not sitting" (spine below 45° angle to floor, lying on tummy, or supported by parent). For analyses, the total duration spent in the "sitting" posture was calculated as a proportion of the total trial duration. Each infant completed the sitting task eight times, resulting in a total of 232 sitting task videos that were coded. Inter-rater reliability was assessed on 141 (61%) randomly selected videos and was good (Intraclass Correlation Coefficient = 0.86).

![**Examples of the sitting task (A) and the grasping task (B)**. Parental consent to use the photos of the participants has been obtained.](fpsyg-07-00475-g001){#F1}

### Grasping Task

Infants' ability to grasp an object was measured during a 1-min observation where the child was seated on a parent's lap at a table. Parents were instructed to place a spoon on the table in front of the child, tap, and lift the spoon briefly, and verbally encourage reaching for the spoon throughout the trial. During this assessment, the camera was placed across from the child to provide a frontal view of the infant's face and arms (see **Figure [1B](#F1){ref-type="fig"}**). Trained observers coded all videos frame-by-frame, recording the action of each hand separately. Grasping was defined as any manual contact with the spoon that resulted in a partial or complete lifting of the spoon. This definition of grasping focuses on action *consequences* (i.e., spoon off the table) rather than means and is appropriate for young infants ([@B28]). For analyses, the total grasping duration was calculated as a proportion of the total trial duration. Each infant completed the grasping task eight times, resulting in a total of 232 grasping task videos that were coded. Inter-rater reliability was assessed on 86 (37%) randomly selected videos and was excellent (Intraclass Correlation Coefficient = 0.96).

### Early Motor Questionnaire (EMQ)

The Early Motor Questionnaire (EMQ) is a parent-report measure of motor skill development in children between 2 to 24 months of age. Parents answer simple questions about their child's motor abilities in everyday contexts, including 49 gross motor skills, 48 fine motor skills, and 31 perception-action skills (total 128 questions). Parents rate each motor skill on a 5-point scale, ranging from -2 (sure child does NOT show skill) to +2 (sure child shows skill). Raw scores are calculated by summing all responses and were used for analysis in the current study (ranging from -256 to +256). The EMQ shows good validity in comparison to standardized, experimenter-administered motor assessments (for a copy of the EMQ see Supplemental Materials; for details on EMQ construction and validity see [@B24]).

### Communicative Development Inventories Words and Gestures (CDI)

The Communicative Development Inventories (CDI) is a parent-report questionnaire assessing children's receptive and expressive vocabulary and is appropriate for children between 8 and 16 months of age ([@B8]). It includes a 396-item vocabulary checklist plus a list of 31 familiar words and phrases the child may understand. Due to the young age of our participants, only receptive vocabulary raw scores were analyzed in the current study. To further increase variability in the receptive language scores, the vocabulary checklist was combined with the familiar words and phrases sections -- resulting in a total possible score of 427.

Analyses
--------

Graphical and statistical examination of CDI raw scores at 10 months showed significant deviations from normality (*p* \< 0.001, Shapiro--Wilk). Consequently, CDI scores were log-transformed prior to analysis. Graphical and statistical examination showed that the transformed CDI scores were normally distributed (*p*s \> 0.29, Shapiro--Wilk). No other violations of normality were observed (*p*s \> 0.15). Further, all variables were examined for extreme observations (defined as values of 3 + SDs above or below the group mean) but no outlying values were observed.

Development of grasping and sitting between 3--5 months of age and potential influences of Gender were first examined using repeated measures Multivariate Analysis of Variance (MANOVA) with Visit (8) as within-subjects factor and Gender (2) as between-subjects factor. Rate of growth over the eight assessments was then calculated for both grasping and sitting. The resulting grasping and sitting slopes quantify rate of skill acquisition rather than a static end state or skill onset point. Grasping and sitting slopes were used in correlation analyses to examine their relation with receptive language skills (CDI) at both 10 and 14 months of age. Significant correlations between early motor and later language scores were then followed up by regression analyses to examine predictive relations between early motor and later language skills above and beyond influences of concurrent motor scores obtained on the EMQ. Robust regression ([@B39]) was used for these follow-up analyses. Preliminary and correlation analyses were conducted using SPSS while regression analyses were conducted using R.

Results
=======

Preliminary Analyses
--------------------

A Visit (8) by Gender (2) MANOVA revealed a significant effect of Visit, *F*(14,15) = 17.02, *p* \< 0.001, = 0.941, but no effect of Gender and no interaction (*p*s \> 0.275). Separate follow-up ANOVAs (Greenhouse--Geisser corrected) for grasping and sitting revealed that both grasping, *F*(5.15, 196) = 19.09, *p* \< 0.001, $\eta_{p}^{2}$ = 0.405, and sitting, *F*(4.60, 196) = 12.74, *p* \< 0.001, $\eta_{p}^{2}$ = 0.313, durations increased significantly across the eight assessments. Within-subject contrasts in these models revealed significant *linear* developmental trends across visits for both grasping, *F*(1,28) = 111.57, *p* \< 0.001, $\eta_{p}^{2}$ = 0.799, and sitting skills over time, *F*(1,28) = 54.14, *p* \< 0.001, $\eta_{p}^{2}$ = 0.659. No higher order trends were significant (*p*s \> 0.19). Consequently, linear slopes were calculated by taking grasping and sitting durations over the child's chronological age at each of the eight assessments. This approach results in one grasping and one sitting slope capturing the individual rate of change for these two skills over the eight study visits for each participant. Comparisons between grasping (*M* = 1.19, *SD* = 0.60) and sitting slopes (*M* = 0.58, *SD* = 0.42) reveal overall faster increases in grasping than in sitting durations between 3--5 months of age, *t*(28) = 4.35, *p* \< 0.001, 95% *CI* (0.32, 0.90). Relations between grasping and sitting development will be the focus of a future report and are not discussed in detail here.

Correlation Analyses
--------------------

The relation between growth in grasping and sitting skills from three to 5 months of age (i.e., slopes) and language and motor skills at 10 and 14 months of age was examined using Pearson correlation. Significant positive correlations were observed between sitting slopes and receptive language scores at both 10 months (*r*~29~ = 0.40, *p* = 0.029) and 14 months (*r*~24~ = 0.45, *p* = 0.029). In contrast, no significant correlations were observed between grasping slopes and subsequent language scores (*p*s \> 0.281). Sitting and grasping slopes did not correlate with each other (*r*~24~ = -0.06, *p* = 0.761), but the current report will only focus on the relation between motor and language skills. Correlation results are summarized in **Table [2](#T2){ref-type="table"}**.

###### 

Correlations between motor and language skills.

  Measure                1    2       3         4
  ---------------------- ---- ------- --------- ----------
  \(1\) Grasping slope   \-   -0.06   -0.15     -0.23
  \(2\) Sitting slope         \-      0.40^∗^   0.45^∗^
  \(3\) CDI 10 months                 \-        0.59^∗∗^
  \(4\) CDI 14 months                           \-
                                                

CDI, Communicative Development Inventories; Significant correlations are highlighted in bold.

∗

p

\< 0.05,

∗∗

p

\< 0.01.

Regression Analyses
-------------------

To complement our correlation findings, we examined whether the growth of sitting skills would predict subsequent language development above and beyond influences from concurrent motor skills. This question was addressed using two separate regression models with receptive language scores as outcome variables and sitting slope and concurrent motor skills (EMQ scores) as predictor variables. Due to the high variability in both CDI and sitting slope scores, robust regression was performed ([@B39]). At 10 months of age, sitting slope was a significant predictor above and beyond influences of 10 month EMQ scores, *t*(26) = 2.09, *p* = 0.046, *B* = 0.76, β = 0.39 \[95% *CI* = (0.02, 0.75)\]. Using a corresponding regression model at 14 months of age, sitting slope was again a significant predictor above and beyond influences of 14 month EMQ scores, *t*(21) = 3.21, *p* = 0.004, *B* = 0.54, β = 0.65 \[95% *CI* = (0.04, 0.84)\].

In addition to screening for outliers and using robust regression, analyses were also performed with three potentially influential observations removed from the data. This conservative approach confirms sitting slope as significant predictor of receptive vocabulary size at 10 months of age, *t*(23) = 2.21, *p* = 0.037, β = 0.43, \[95% *CI* = (0.05, 0.78)\]. However, the model fails to reach significance at 14 months of age (*p* = 0.40), potentially due to the overall smaller sample and lower statistical power at this age.

Together, correlation and regression results suggest that the emergence of sitting skills between 3--5 months is related to receptive language development in the following months of life (**Figure [2](#F2){ref-type="fig"}**). The relation between sitting development and receptive language remains significant after controlling for concurrent motor skills assessed via parent report.

![**Relation between sitting slopes (growth from 3--5 months) and receptive language vocabulary size (log transformed) at 10 months of age (A) and at 14 months of age (B)**.](fpsyg-07-00475-g002){#F2}

Discussion
==========

The goal of the current study was to longitudinally examine associations between early emerging motor skills and subsequent language development in typically developing infants. We hypothesized that the development of both reaching and sitting skills in early infancy would predict infants' receptive vocabularies at 10 and 14 months of age. Our hypotheses were only partially supported. Results revealed a relation between language and sitting skills, but not between language and grasping skills. These findings have implications for our understanding of the interrelations among social, motor, and cognitive skills in infancy. In addition, our study demonstrates how direct observations of infants' motor development can be collected remotely via videoconference.

Relations between Motor and Language Development
------------------------------------------------

The current findings confirm and expand prior results by longitudinally examining infant behavior before and during their acquisition of a new motor milestone. Previous studies have focused on infants' mastery of a new motor skill and its relation to concurrent language development. For example, walking status around 10--14 months of age has been associated with larger vocabularies in both American and Chinese infants ([@B42]; [@B15]), and oral motor control around 21 months of age has been found to correlate positively with concurrent language skills ([@B2]). Others have reported predictive relations between earlier emerging motor skills and subsequent language development. For example, fine motor skills between 12 and 18 months of age have been found to predict expressive language at 36 months in infants at high familial risk for ASD ([@B19]). The onset of independent sitting and walking have both been found to predict productive vocabulary sizes between 16 and 28 months ([@B35]), and a large cohort study reported associations between motor skills at 18 months and *subsequent* language skills at 36 months of age ([@B43]). Our findings add to this growing evidence for motor-language associations by demonstrating a relation between the emergence of sitting skills around 3--5 months of age and subsequent language development at 10 and 14 months of age. However, the mechanism underlying this relation remains unknown.

General Maturation vs. Developmental Cascades
---------------------------------------------

At least two different theories predict associations between early motor skills and subsequent language development: the maturation hypothesis and the developmental cascades hypothesis. The maturation hypothesis suggests that motor advances are the result of general maturation processes that affect all domains of development equally ([@B10]). While this view does predict positive associations between motor skills and other domains of development, it also suggests that the relations between motor and language development should be bidirectional due to the underlying mechanism (maturation) being shared. However, previous findings did not observe a bidirectional relation between motor and language skills. For example, [@B43] reported that motor skills at 18 months predict language at 36 months, but found no association between language skills at 18 months and motor skills at 36 months. Further, maturation would lead to general associations between motor and language development that are not limited to specific motor skills. In contrast, the current findings show a specific relation between sitting skills and language development, but no relation between grasping skills and language. These two observations suggest that general maturation alone may not be sufficient to explain the specific motor-language associations observed during development.

The developmental cascades hypothesis emphasizes the consequences following attainment of new motor skills as a driving force during development. Developmental cascades refer to the cumulative consequences of advances in one domain (e.g., motor skills) on later behaviors or abilities ([@B12]; [@B9]; [@B31]). Gaining a new skill leads to significant and long lasting changes in the child's everyday experience by altering what kind of information is accessible and how others respond to the child. According to the developmental cascades theory, the onset of a new motor skill may provide infants with access to new learning opportunities associated with that motor skill. For example, being able to sit without support frees the hands for manual exploration of objects and enables learning about object features such as weight, texture, and function ([@B38]; [@B20]). Sitting also frees the hands for the production of communicative gestures, which have been found to support language development ([@B17]). Further, sitting changes the infants' point-of-view, providing novel perceptual experiences and encouraging face-to-face exchanges with their caregivers. And finally, parents react to changes in infants' abilities and adjust how they respond to the child (e.g., [@B18]). In the context of the current study, the emergence of sitting skills at 3 months may initiate a developmental cascade by changing the child's learning environment as described above: resulting in more opportunities for joint-attention, object-sharing, and object-labeling events that foster language development. Future research is needed to determine how exactly the emergence of independent sitting affects the child's learning environment.

The developmental cascades theory would also predict that the onset of successful grasping has an impact on the child's learning environment. However, the current study found no relation between the emergence of grasping and subsequent language skills. However, grasping might be indicative of language skills only following the onset of independent sitting. Put differently, sitting may act as a rate-limiting factor on the effects of grasping experiences. Indeed, studies with older children reported associations between fine motor sills and the subsequent cognitive abilities such as reading and math (e.g., [@B13]). Further, associations between motor and cognitive skills in early childhood seem to be mainly driven by fine manual control and visual perception skills ([@B7]). While fine motor skills are related to cognitive skills in mid-childhood, this relation may not be evident in early infancy as the hands are still needed to stabilize the body prior to the onset of independent sitting. This limits the experiences gained from independent grasping to structured exchanges where full trunk support is provided for the child. Following the onset of independent sitting, grasping and manual exploration skills may become more important predictors of language and cognitive skills.

Remote Assessments of Early Motor Skills
----------------------------------------

The current study was the first to use of videoconferencing to collect behavioral data on infants' sitting and grasping skills remotely. This approach allowed for higher-density data collection while reducing the overall burden on families in the study. Small sampling intervals are important to adequately capture the shape of developmental change over time ([@B1]), and remote assessments may play an important role in future longitudinal studies in developmental psychology. However, there are some limitations of this method in general and of the current study in particular that need to be considered.

First, not all families have sufficiently fast access to the Internet in their own homes or do not own a camera-equipped computer, phone, or tablet to participate in the remote sessions. This may be one reason why the current study attracted mainly participants with relatively high levels of education. While the homogeneity of our sample does reduce the potential impacts of confounding factors (such as socioeconomic status), it greatly reduces the generalizability of our results. To encourage participation from a more economically diverse sample, we recommend that future studies should offer families incentives that compensate for the costs associated with participating in an online study (e.g., data plans, subscription fees).

Second, video chat only offers access to a small and static portion of the child's home. The current study focused on pre-locomotor infants who could not yet crawl or walk. Consequently, infants remained in one position through the sitting and reaching assessments. With the onset of independent locomotion, infants may quickly move out of the view of the camera resulting in data loss. Consequently, remote assessments may not be feasible for all types of developmental research (e.g., to record unstructured parent-child interactions).

Finally, in our study, the parent acted as the experimenter to administer the grasping and sitting assessments. This resulted in increased assessment variability. To minimize variability in task administration, the current study used a realistic baby doll to demonstrate the procedure to all parents prior to their first session and an experimenter remained connected live with the parent during the study to comment and suggest changes as necessary.

Conclusion
==========

Motor skills play a critical role in early development and shape the child's learning environment. The results reported here show associations between the emergence of sitting, but not grasping, skills around 3--5 months of age and subsequent receptive language at 10 and 14 months of age. These findings highlight the importance of early motor skills as an agent of change over time and suggest that the acquisition of a new motor skill may initiate developmental cascades that can influence subsequent language learning in typically developing infants. Further, the current study recorded infant behavior remotely via videoconference. Despite some limitations of this method, the minimal time burden on the part of the parent and the researcher as well as the minimal costs associated with videoconferencing demonstrate the value of this method for future research.
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